Recent advances in the fabrication and characterization of semiconductor and metallic nanowires are meeting the high expectations of nanotechnologists. Although diamond has remarkable electronic and chemical properties, development of diamond nanowires has been slow, while the development of carbon nanotube-based technologies continues at a furious pace. Recently, the theoretical and experimental observation of the transformation of nanodiamonds into carbon-onions (and vice versa) has led to a new intermediate phase of carbon, denoted "bucky diamond", with a diamond core encased in an carbon onion-like shell. These ndings lead to the question of whether a similar transformation occurs in diamond nanowires. We used ab initio techniques to determine the relaxed structure of diamond nanowires with octahedral surface facets, with results exhibiting delamination of octahedral surfaces, and indicating the formation of "bucky-wires". The effects of surface hydrogenation upon this transition also is examined.
INTRODUCTION
The emergence of molecular nanotechnology has introduced a range of potential applications of nanostructured materials. Diamond-based materials could be the optimal choice for nano-mechanical designs due to their high-elastic modulus and strength-to-weight ratio, 1 prompting a number of theoretical studies investigating various aspects of diamond at the nanoscale. The phase transition of diamond nanocrystals to carbon-onions has been observed experimentally, 2, 3 with the results that the transformation temperature is dependent on the size of the particle. The nanodiamond to carbon-onion transition has been modeled theoretically 4, 5, 6 at various levels of sophistication. Similarly, the reverse transformation of carbon-onions to nanocrystalline diamond also has been observed experimentally, [7] [8] [9] [10] [11] and modeled 12 by means of atomic-scale computer simulations. These investigations have shown dehydrogenated C(111) octahedral nanodiamond surfaces are structurally unstable; their presence induces phase transitions from the sp 3 structure of nanodiamonds to the sp 2 structure of carbon-onions. However, the presence of cubic surface facets has been found to promote stability. 13 For example, while cuboctahedral nanodiamond structures have exhibited preferential exfoliation of C(111) surfaces over lower index surfaces, increasing the C(100) surface area produces a more stable nanodiamond structure and reduced surface graphitization.
However, in most cases an intermediate structure is formed. Recent studies concerning these intermediaries, both experimental and theoretical, have suggested a new class of carbon be established to describe them. 15 This class, "bucky diamond," is characterized by a nanodiamond core partially or completely shrouded in a fullerenelike outer shell. 1, 6, 15, 16 These studies lead to the question of whether a similar transformation occurs in carbon nanostructures of a higher dimension; speci cally, do diamond nanowires transform into multi-walled or single-walled carbon nanotubes (MWNT or SWNT) upon relaxation?
The fabrication of carbon nanowires has been achieved using a number of techniques. [17] [18] [19] [20] [21] Aligned diamond nanowhiskers (a term used to describe particular nanowires) have been formed using air plasma etching of polycrystalline diamond films. 22 Dry etching of the diamond films with molybdenum deposits created well-aligned, uniformly dispersed nanowhiskers up to 60 nm in diameter with a density of 50/mm 2 that show well-de ned characteristics of diamond. 22 Also, diamond nanocylinders with a diameter of approximately 300 nm have been reported. 23 Recently, it has been shown from ab initio calculations that nanocrystalline diamond may be structurally stable in 1-D. 24, 25 Diamond nanowires with dodecahedral and cubo-dodecahedral morphology were found to retain the diamond structure upon relaxation, but did exhibit signicant relaxation involving changes in the length and crosssectional area. The stability, characterized by the variation in these structural properties from that of bulk-diamond, was found to be dependent on the surface morphology and the crystallographic direction of the principle axis of the nanowire. 24 In a study conducted by Shenderova et al., 25 the stiffness and fracture force of hydrogenated diamond nanorods was compared with those of SWNT and MWNT. Similarly, it was determined that the mechanical properties of the nanorods depend on the diameter of the nanorod and the orientation of the principle axis. The results of their molecular models indicate that diamond nanorods are competitive energetically with nanotubes of a similar diameter and possess desirable mechanical properties, making them a viable target for synthesis.
However, it is important to understand the effects of the stability of the dehydrogenated C(111) surface on the structure of diamond nanowires. The surface has proven problematic in obtaining stable nanodiamond crystals. Therefore, in this study we will use ab initio techniques to investigate the relaxed structure of octahedral and cuboctahedral diamond nanowires, and discuss these results in comparison with previous studies of diamond at the nanoscale.
EXPERIMENTAL DETAILS

Ab Initio Method
The calculations here have been performed with the Vienna ab initio simulation package (VASP) 26 using ultrasoft, gradient-corrected, Vanderbilt-type pseudopotentials (USPP) 27 as supplied by Kresse and Hafner. 28 The crystal relaxations were performed in the framework of Density Functional Theory (DFT) within the Generalized-Gradient Approximation (GGA), with the exchange-correlation functional of Perdew and Wang (PW91). 29 The relaxation technique is an efficient matrix-diagonalization routine based on a sequential, band-by-band Residual Minimization Method of single-electron energies, 31, 32 with direct inversion in the iterative subspace. Both the ionic positions and super-cell volume have been relaxed. Thus both the symmetry and the lattice parameter are free to alter, resulting in expansions or contractions of the entire nanowires. In this study we have applied the Linear Tetrahedron method with a 4 3 4 3 4 Monkhorst-Pack k-point mesh, 33 and have expanded the valence orbitals on a plane-wave basis up to a kinetic energy cutoff of 290 eV. We have applied this technique to the relaxation of bulk diamond, 34 nanodiamond and "bucky diamonds", 6 diamond nanowires, 24 and fullerene 35 structures successfully in the past, with results giving excellent agreement with experiment and theoretical all electron methods. 
Diamond Nanowires
As mentioned, nanodiamond C(111) surfaces are structurally unstable. Not only do octahedral nanodiamonds transform into carbon-onions, but cuboctahedral nanodiamonds exhibit preferential exfoliation of the C(111) sur- 
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faces over lower index surfaces. 6, 30 Therefore, two dehydrogenated nanowire morphologies have been considered here, characterized by octahedral and cuboctahedral forms. Periodic boundary conditions (PBC) have been applied in the x direction and sufficient vacuum space (typically $ 4 Å) added in the y and z directions to create in nite 1-D structures.
The octahedral structures are bounded by {111} surfaces in all lateral directions, with a rhombohedral crosssection, and have a principle axis in the [110] direction. The cuboctahedral diamond nanowires are bounded by two C(100) surfaces and two C(111) surfaces in the lateral directions, with an almost circular cross-section; again, there is a principle axis in the [110] direction. All of the initial structures have been "cleaved" from a bulk diamond lattice, with both C(111)(1 3 1) single dangling bond surface structure and C(100)(1 3 1) double dangling bond surface structure. See Table I for details.
RESULTS AND DISCUSSION
Octahedral Diamond Nanowires
The results of the structural relaxations of the octahedral diamond nanowires are given in Figures 1.1, 1.2 and 1.3 . The initial (top) and nal (bottom) con gurations for each nanowire are shown from the [100] (right), [111] (center), and principle axis (right) directions. The smallest C 108 nanowire underwent an unusual relaxation, leading to the formation of 3-membered rings at the acute edges. The C(111) surfaces were found to relax inward-in complete opposition to the exfoliation observed in the octahedral nanodiamonds-adopting a concave shape when viewed in cross-section (see Figure 1 .1). This unusual shape was caused by the formation of dimers across C(100) planes just below the acute nanowire edges, even though a C(100) surface facet is not present. These bonds will be denoted hereafter as [100] dimers, as they have formed in the [100] direction.
To ensure that this structure was not an intermediary structure, on the way to a more stable and energetically preferred morphology, the relaxation was continued for another 20 ionic steps. The result of the continued relaxation was the same, with the [100] dimers and 3-membered The next C 186 octahedral nanowire also was found to form [100] dimers along one edge of the nanowire upon relaxation. This again resulted in a row of 3-membered rings, although the concave C(111) surfaces did not form. In this case, the unstable C(111) surfaces above the [100] dimers exfoliated to form nanotubular-cages running parallel with the nanowire principle axis. These cages have a chiral structure identical to that of an armchair carbon nanotube. These cages are anchored to the remaining inner core of the nanowire at the [100] dimer and at the opposing corner, as shown in Figure 1 .2. The inner core contracted and the cage-core separation distance was approximately 2.57 Å.
A similar relaxation occurred in the C 294 octahedral diamond nanowire, as illustrated in Figure 1 .3. The formation of the [100] dimers along one edge of the nanowire resulted in a row of 3-membered rings, and the C(111) surfaces above the [100] dimers exfoliated to form nanotubular-cages parallel to the principle axis and anchored to the inner core at the [100] dimer and opposing corner. The inner core contracted and the cage-core separation distance was approximately 2.52 Å. The new "surface" of the core exhibited a decrease in the C-C bond lengths in keeping with the formation of a free surface.
Since 0-D nanodiamonds that undergo this type of surface exfoliation are classi ed as "bucky-diamonds", 15 it is suggested that structures of this type, with a diamond nanowire core partially or completely shrouded in a nanotubular outer shell, be denoted as "bucky-wires".
Cuboctahedral Diamond Nanowires
The results of the relaxation of the three cuboctahedral diamond nanowires, C 96 , C 168 , and C 252 structures, are given in Figures 2.1, 2.2, and 2.3. In each case, the rst step of the relaxation involved reconstruction of the C(100) surfaces to the C(100)(2 3 1) structure. Figure 2 .1 shows that the unstable C(111) surfaces of the smallest cuboctahedral nanowire exfoliated after this reconstruction, causing all of the surface atoms to break the bonds connecting them to the core atoms. This resulted in the entire nanowire transforming into a non-classical nanotube, with the core atoms forming an sp bonded linear chain along the axis. The relaxed C 96 cuboctahedral structure is classi ed as a nonclassical nanotube, as the armchair structured sections (formed by the exfoliation of the C(111) surface) are separated by rows of 8-membered and 5-membered rings, which are not present in classical nanotubes.
Figures 2.2 and 2.3 show that the C(111) surfaces of the larger C 168 and C 252 cuboctahedral nanowires also exfoliated after the reconstruction of the cubic facets, forming nanotubular-cages running the length of the nanowires parallel to the principle axis. In these cases, however, the nanotubular-cages remained bound to the inner core atoms at the C(100)(2 3 1) surfaces. Again, in both nanowires the inner core contracted, giving a cage-core separation distance of approximately 2.42-2.54 Å, and the bond lengths in new "surface" of the core decreased in keeping with the formation of a free surface.
Again, the formation of the nanotubular-cages on the relaxed cuboctahedral diamond nanowires leads to these structures being classi ed as "bucky-wires".
Bucky-Wires and Effects of Surface Hydrogenation
The results described above show that the diamond C(111) surface is highly unstable in 1-dimensional structures. These surfaces can delaminate upon relaxation, to form armchair nanotubular-cages along diamond nanowire surfaces, parallel to the principle axis, forming bucky-wire structures. Figure 3 illustrates the delamination of the octahedral surface and the formation of nanotubular-cages. When viewing the structure down the principle axis (in cross-section) it is clear the C(111) surface have separated from the nanowire core. Besides the delamination of the C(111) surface and the formation of the [100] dimers (and accompanying 3-membered rings), the nanowires did exhibit signi cant relaxation involving changes in the length and cross-sectional area. As the nanowires are in nite (due to the periodicity along the principle axis), the change in length (denoted as DL) only may be considered in terms of the extension (or contraction) of the segment length within the simulation cell. This change was measured by determining the change in the length of the actual simulation cell itself. However, an expansion or contraction of the cross-section (denoted as DA) has been measured directly, by considering the positions of the ions. It also must be noted that all such changes are not induced by any "end effects" that may be present in nite structures. These results are given in Table II , along with the fractional change in length and cross-section (as a fraction of the initial segment length L i and initial crosssectional area A i ). The electronic charge density in a plane through the center of the structure (left), and the "bonding" iso-surface (right), show that the surface has delaminated from the nanowire core. Table II . The changes in nanowire segment length DL and crosssectional area (DA), along with the fractional change in length DL/L i and cross-sectional area DA/A i due to the relaxation of each dehydrogenated nanowires morphology. The fractional changes is with respect to the initial segment length of 1.513 Å. 
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The changes in length and cross-sectional area of the dehydrogenated diamond nanowires are dependent on the size and on the morphology of the nanowire. In the case of the octahedral diamond nanowires, the surface exfoliation and transformation into buckywires have caused an overall expansion of the cross-sectional areas of the larger C 186 and C 294 structures; again, they decrease with increasing size. The smallest C 108 octahedral nanodiamond did not undergo this transition, due to the formation of the [100] dimers. This transformation into bucky-wires also has an effect on the nanowire length, with each dehydrogenated octahedral nanowire exhibiting a contraction of the segment length, but to a much lesser extent in the smallest C 108 nanowire, for which no transition occurred.
In the case of the cuboctahedral diamond nanowires, the exfoliation of the C(111) surfaces and the formation of bucky-wires again caused an expansion of cross-section due to the formation of the tubular-cages. As the smallest cuboctahedral nanowire is structurally unstable and transformed into a non-classical nanotube, the cross-section of this structure has been ignored. Although the change in cross-section of the remaining cuboctahedral nanowires decreases with increasing nanowire size, the fractional change in segment length appears to increase.
Studies of bucky-diamonds and diamond nanocrystals have found that surface hydrogenation eliminates the delamination of the unstable C(111) surface, and promotes a more bulk-diamond-like surface structure. 14, 37 It has been determined here that surface hydrogenation has a similar stabilizing effect of bucky-wires, eliminating the formation of the nanotubular-cages. As examples of these results (see Figure 4) , the dehydrogenated C 186 octahedral and C 168 cuboctahedral bucky-wires are compared with the relaxed, hydrogenated versions, the C 186 H 96 and C 168 H 72 structures, respectively.
In addition, hydrogenation of the nanowire surface also was found to reduce the expansions and contractions of the nanowire segment length and cross-sectional area (see Table III ). The hydrogenated octahedral and cuboctahedral nanowires show contractions and extensions of the segment length, and expansions or contractions of the crosssection, which do not appear to be related consistently to the nanowire morphology. These expansions and contractions therefore must be dependent upon a number of factors, including morphology, size, and possibly steric effects between the hydrogen terminations. In each case, the magnitude of the expansion/contraction is signi cantly less than observed in the dehydrogenated counterparts.
Although the effects of intentionally incorporated impurities into bucky-wires has not been completed, a complementary study of the effects of boron, nitrogen, oxygen, aluminium, phosphorus, and sulphur dopants in a ne (structurally stable) cubo-dodecahedral diamond nanowire has been reported. 38, 39 These studies concluded that boron was the most stable dopant in either the dehydrogenated or hydrogenated cubo-dodecahedral diamond nanowires, indicating that semiconducting p-type diamond nanowires may offer a viable new technology. The effects of nitrogen on the structural stability of the nanowire was found to depend upon the surface terminations. While aluminium and oxygen were found to be unstable in the dehydrogenated wires (rendering them unsuitable as dopants), this instability was eliminated via surface hydrogenation. Based on these ndings, it may be speculated that the impurities discussed here will have a similar effect on the structure of the octahedral or cuboctahedral bucky-wires examined in the present study; with nitrogen, oxygen, aluminium, and possibly sulphur 40 destabilizing the diamond-structured cores.
CONCLUSIONS
It has been shown from ab initio relaxation of suitable diamond nanowires that C(111) nanocrystalline diamond surfaces are not stable in 1-dimension. Diamond nanowires with octahedral and cuboctahedral morphology exhibited delamination of the C(111) surfaces upon relaxation, and showed signs of signi cant relaxation involving changes in the length and cross-sectional area. The resulting structures, 
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characterized by (armchair) nanotubular-cages along the surface and diamond-like cores, have been denoted as bucky-wires. These structures are the 1-dimensional analogue of the bucky-diamonds, formed by the exfoliation of octahedral surface facets on 0-dimensional diamond nanocrystals. 2, 7 It also has been shown that, like buckydiamonds, the transition to bucky-wires in 1-D may be eliminated via surface hydrogenation. The effects of these structural changes on the electronic properties are under investigation.
